The breaking of molecular symmetry through photoexcitation is a ubiquitous but rather elusive process, which, for example, controls the microscopic efficiency of light harvesting in molecular aggregates. A molecular excitation within a π-conjugated segment will self-localize due to strong coupling to molecular vibrations, locally changing bond alternation in a process which is fundamentally nondeterministic. Probing such symmetry breaking usually relies on polarization-resolved fluorescence, which is most powerful on the level of single molecules. Here, we explore symmetry breaking by designing a large, asymmetric acceptor-donor-acceptor (A 1 -D-A 2 ) complex 10 nm in length, where excitation energy can flow from the donor, a π-conjugated oligomer, to either one of the two boron-dipyrromethene (bodipy) dye acceptors of different color. Fluorescence correlation spectroscopy (FCS) reveals a nondeterministic switching between the energy-transfer pathways from the oligomer to the two acceptor groups on the submillisecond timescale. We conclude that excitation energy transfer, and light harvesting in general, are fundamentally nondeterministic processes, which can be strongly perturbed by external stimuli. A simple demonstration of the relation between exciton localization within the extended π-system and energy transfer to the endcap is given by considering the selectivity of endcap emission through the polarization of the excitation light in triads with bent oligomer backbones. Bending leads to increased localization so that the molecule acquires bichromophoric characteristics in terms of its fluorescence photon statistics.
The breaking of molecular symmetry through photoexcitation is a ubiquitous but rather elusive process, which, for example, controls the microscopic efficiency of light harvesting in molecular aggregates. A molecular excitation within a π-conjugated segment will self-localize due to strong coupling to molecular vibrations, locally changing bond alternation in a process which is fundamentally nondeterministic. Probing such symmetry breaking usually relies on polarization-resolved fluorescence, which is most powerful on the level of single molecules. Here, we explore symmetry breaking by designing a large, asymmetric acceptor-donor-acceptor (A 1 -D-A 2 ) complex 10 nm in length, where excitation energy can flow from the donor, a π-conjugated oligomer, to either one of the two boron-dipyrromethene (bodipy) dye acceptors of different color. Fluorescence correlation spectroscopy (FCS) reveals a nondeterministic switching between the energy-transfer pathways from the oligomer to the two acceptor groups on the submillisecond timescale. We conclude that excitation energy transfer, and light harvesting in general, are fundamentally nondeterministic processes, which can be strongly perturbed by external stimuli. A simple demonstration of the relation between exciton localization within the extended π-system and energy transfer to the endcap is given by considering the selectivity of endcap emission through the polarization of the excitation light in triads with bent oligomer backbones. Bending leads to increased localization so that the molecule acquires bichromophoric characteristics in terms of its fluorescence photon statistics.
light harvesting | single-molecule spectroscopy | excitonics | bodipys | excited-state molecular dynamics M uch of nature's aesthetics stems from the underlying symmetries of objects, from atomic orbitals over molecules to crystals. Prominent examples of particular appeal are photosynthetic light-harvesting complexes, where molecular pigments are arranged in a protein scaffold in such a way as to maximize the electronic coupling between them, thus enhancing absorbance, and allowing excitation energy to be funneled to a reaction center (1, 2) . In such a complex with a high underlying degree of symmetry, even very subtle interactions with the environment can break symmetry, leading to, for example, partially linearly polarized absorption and emission (3, 4) . Q -Conjugated macrocycles are interesting model systems regarding the role of symmetry, and have previously revealed spontaneous symmetry breaking upon photoexcitation (5, 6) due to nonadiabatic transitions between excited-state surfaces. These transitions arise because of the dynamic localization of excitation energy within an extended π-electron system (7), a process driven by the strong coupling to vibrational modes (8) . In the simplest picture of a ring-shaped molecule, an exciton may be formed somewhere within the perimeter and will subsequently relax to, and emit from, either the same segment or a different region of the molecule (5, 8) . The direct observable of such an experiment is the rapid loss of fluorescence polarization, and a lack of temporal correlation in the polarization of the stream of single photons emitted (5) . Such symmetry breaking occurs in any molecule of higher symmetry and is particularly relevant to the operation of organic-light emitting diodes, where it effectively enhances the outcoupling efficiency of light by scrambling polarization and reducing waveguide losses (9) . Here, we explore an alternative model system to study the effect of spontaneous symmetry breaking in large π-systems by exploiting an intramolecular excitation energy transfer (EET) process to amplify the effect. Akin to attempting to balance a pen on its tip, and watching it fall to a different position at every try, a molecular triad is designed consisting of two different acceptor units linked to either side of a single donor. In such a molecular "excitonic seesaw"--an extended π-conjugated oligomer covalently linked to two distinct dye molecules--one may anticipate excitation energy to deterministically flow to the global energetic minimum. However, since the π-segment is over eightfold larger than the acceptor units, the region within the oligomer where exciton localization occurs following photoexcitation becomes crucial. Since localization happens nondeterministically, seesaw-like switching between the two endcaps arises.
Results
Synthesis of a Molecular Excitonic Seesaw. Fig. 1 shows the synthetic route and structure of the model light-harvesting triad system, based on an oligo(phenylene-butadiynylene) linked to a green and a red boron-dipyrromethene (bodipy) dye (10) . Due to their inherent photostability (10, 11) , bodipys have previously been used to study intramolecular energy-transfer phenomena (12) (13) (14) , but there are no reports of asymmetric acceptor-donoracceptor complexes which are challenging to synthesize. The greenemitting bodipy 4 was cross-coupled with the monoprotected Significance Transformation of light into electronic excitation energy and the spatial redistribution of this energy within a complex of molecular units constitute the processes central to photochemical energy conversion in photosynthesis. Excitations migrate downward in energy between molecules, ultimately localizing at a global energetic minimum. But, how does energy flow in a system with built-in bistability, a local and a global energetic minimum? A molecular excitonic seesaw structure probes such fundamental intramolecular bistability. Much like watching a pen balanced on its tip fall randomly, in single molecules, energy flows nondeterministically to one or the other energetic minimum. Such a labile excitonic seesaw makes energy transfer highly susceptible to external stimuli and can be controlled, for example, by the incident light polarization.
phenylene-butadiynylene dimer 11 by a Pd-catalyzed Sonogashira reaction, and subsequently the cyanopropyldimethylsilyl (CPDMS) group was removed with potassium carbonate in methanol. This polar CPDMS protecting group (15) serves as a synthetic tool during the synthesis of the oligomers (16) . Separately, the redemitting bodipy 10 was also coupled with 11 in a Sonogashira reaction and the protecting group was removed to generate the free acetylene. Glaser coupling between 13 and 15 generates a mixture of the homodimers 13 2 and 15 2 and the mixed dimer 1 4 in which the phenylene butadiynylene tetramer contains two different bodipy endcaps. When the same coupling reaction was carried out in the presence of 16, larger oligomers 1 8 were obtained. In both cases, the separation of the products with respect to their size was performed by recycling gel-permeation chromatography. However, the difference in the hydrodynamic radii between oligomers containing two green endcaps, one green and one red endcap, and two red endcaps is not sufficiently large to be able to separate the molecules by gel-permeation chromatography (GPC). Fortunately, the compounds differ in polarity so that they can be separated by column chromatography. For example, the octamer with two green endcaps has a retention factor (R f ) of 0.48; for 1 8 R f = 0.29, and for the octamer with two red endcaps R f = 0.15 (see SI Appendix, Fig.  S1 for a photograph of the chromatography column). The combination of GPC, which separates by hydrodynamic radius, and column chromatography, which separates by polarity, therefore allows us to prepare and purify well-defined oligomers with heterogeneous end groups.
Ensemble Spectral Properties. The ensemble absorption and emission spectra of the three constituents of the triad, the two terminal groups and the octamer structure, measured in toluene solution, are given in Fig. 2A for 1 8 . SI Appendix, Fig. S4 shows a similar dataset for 1 4 . The oligomer is characterized by a broad absorption spectrum in the blue-to-UV spectral region, with a strong emission peak at 475 nm. The two dyes show very little absorption in the UV and narrow fluorescence features peaking at 517 nm for the green dye and 653 nm for the red dye. For through-space Förster-type resonant energy transfer (FRET) to occur, a strong spectral overlap between the donor (octamer) emission and the acceptor (dye) absorption is required. This overlap is clearly given for the green dye, but not for the red one. However, energy transfer can also occur through-bond, without necessitating resonant dipole-dipole coupling (17) . Given sufficiently strong electronic coupling from the backbone to the dye, which is promoted by the partially conjugated covalent bond, we expect this through-bond process to occur, in agreement with earlier studies on shorter oligomer-bodipy diads (18) . We note that the transition dipole moments of the bodipy dyes and the oligomer are approximately orthogonal to each other, as indicated in the sketch of the molecular structure. Such orthogonality would prevent conventional FRET from occurring within the triad. However, a certain degree of flexibility is expected for the phenylene-butadiynylene units which link the dyes to the backbone, so that the dyes can twist out of the backbone plane and bend somewhat with respect to the oligomer. In addition, direct FRET may proceed from the green to the red endcap (19, 20) . This effect is seen when directly exciting the green dye at 488 nm, as shown in SI Appendix, Fig. S4B . The overall yield of red emission under these conditions is more than halved in the octamer with respect to the tetramer.
We study the intramolecular dynamics of EET by exciting the backbone of the triad in the UV at 405 nm. Fig. 2B plots the ensemble absorption and photoluminescence (PL) spectra of the octamer-based triad 1 8 , which has an overall length of ∼10 nm. The three constituent species are clearly resolved, and under excitation in the UV, emission also arises from all three components. Since there is minimal overlap between the PL spectra of the two endcaps, a dichroic mirror with a cutoff at 606 nm was used as a spectral filter to separate the two fluorescence components. In 1 4 (SI Appendix, Fig. S4A ) red-dye emission is more dominant, which is mainly due to the increased FRET from the green to the red dye. No emission of the backbone is observed in 1 4 , hinting at a faster energy transfer to the endcaps.
From consideration of the PL intensity ratio 4;8 f green=red between green and red dye emission in 1 4 (21) (22) (23) (24) (25) . In single molecules of such materials, temporal fluctuations in the lightharvesting efficiency from the backbone to the endcap are observed and have been attributed to the effect of exciton blocking due to multiple subsequent excitations of the donor unit (21) . Fluctuations in the efficiency of EET can be distinguished from intermittency of the endcap luminescence by alternating excitation of backbone and endcap. In our asymmetric endcap system, we can differentiate between energy transfer to either one of the two endcaps by resolving the emission color and lifetime on the single-molecule level. Single molecules were dispersed in toluene at picomolar concentrations, blended with poly(methylmethacrylate) (PMMA) and spin-coated on cleaned borosilicate glass slides. Fluorescence was excited by a pulsed laser at 405 nm and 20-MHz repetition rate, and collected with a confocal microscope setup, splitting the emitted light into two detection channels using a dichroic mirror with a cutoff at 606 nm--one for backbone and green-dye emission, the other for the red dye. In addition to this spectral filtering, photons arising from either of the endcaps and the backbone can be identified by the PL lifetime. As shown in SI Appendix, Fig. S5 , the endcap PL lifetime is at least an order of magnitude longer than that of the backbone. We therefore exclusively considered molecules with no detectable component of oligomer luminescence in the PL decay to prevent distortion of the correlation signal by residual backbone photons.
Fig . 3A shows three examples of color-resolved singlemolecule fluorescence traces. In Fig. 3A (Top), red and green endcap emission intensities are almost identical to begin with and show some weak fluctuations. A sudden bleaching of the green emission coincides with a doubling of intensity in the red channel. At a time of t = 11 s, the red emission has fully vanished and a weak intensity returns to the green channel. We conclude that in this case, excitation energy can be transferred from the backbone to either of the endcaps. When one endcap bleaches due to a photochemical reaction, the energy-transfer pathway to this endcap is blocked so that more excitation energy can be transferred to the other endcap. A similar effect is seen in Fig.  3A (Middle), where discrete switching of endcap PL intensity levels is correlated: a rise in green-emission intensity leads to a sudden drop in red emission. Fig. 3A (Bottom) illustrates more gradual correlated intensity changes of the two channels, with even small variations in PL intensity in one channel impacting the other. This anticorrelation between green and red endcapemission intensities suggests that only one of the two endcaps harvests excitation energy from the backbone at any given instant. This hypothesis appears to be confirmed by considering the photon statistics of the PL in Fig. 3B . By passing the overall fluorescence through a 50/50 beam splitter and detecting photon coincidences, a histogram over coincidences for different photon arrival times is constructed. The dashed lines indicate the correlation thresholds anticipated for one and two single emitters, based on the observed signal-to-noise ratio (26) . With a ratio of N c =N l = 0.15 of the central to the lateral peaks in the histogram, we reason that single photons are emitted from the triad. However, we cannot dismiss the fact that there are more coincidences at Δt = 0 than the background noise would imply for the case of precisely one emitter being present (26) . As discussed in Materials and Methods, factors such as the difference in detection efficiency for red and green photons as well as the different A B Fig. 2 . Absorption and emission spectra of (A) the constituent molecules of the excitonic seesaw and (B) of 1 8 in dilute toluene solution. The spectral features of the constituents can be clearly separated in 1 8 . Under excitation at 405 nm, energy transfer occurs from the backbone to both endcaps, which dominate the fluorescence. The fluorescence intensity is almost zero at 606 nm, so that a dichroic mirror with an edge at 606 nm can be used to separate the two endcap intensities.
endcap quantum yields can impact the height of the photon antibunching dip under monochromatic detection. We also note that the photon-correlation histograms of 135 single molecules were summed up here because it was found to be impossible to extract a meaningful correlation from a single molecule due to the limited photon count rate. For this reason, we cannot conclusively rule out the existence of multiple single-molecule populations, for example one large group of molecules which behave as single-photon emitters and a smaller group of molecules which tend to emit multiple photons at once. We note that, in general, such antibunching histograms only provide information on the number of emitters, and not on the number of absorbing chromophores within a molecular complex. Photon antibunching can also arise as a consequence of the annihilation of two singlet excitons (19, 27) , a process which is particularly pronounced in π-conjugated wires where the excitons can acquire high mobility (28) (29) (30) .
Since the EET pathways vary with time on the single-molecule level, it is interesting to examine the green-to-red intensity ratios 4;8 f green=red of single molecules. For this study, and the subsequent photon-correlation analysis, we consider exclusively time windows of single-molecule emission where no overall intensity fluctuations or blinking occur, i.e., the sum of green and red emission intensity remains constant. We note that some molecules do indeed show single-step blinking and bleaching. As shown in SI Appendix, Fig. S8A and discussed in the accompanying text in SI Appendix, 4;8 f green=red varies widely on the singlemolecule level, but retains a strong tendency to red emission for 1 4 due to the prevalence of intramolecular FRET from green to red acceptor. Since we cannot measure the fluorescence quantum yield of the single endcap molecules, we use the fluorescence lifetime of the endcap as a gauge of the quantum yield. The distributions of endcap PL lifetimes of single molecules are shown in SI Appendix, Fig. S8B . With this approach, we arrive at an estimate for 8 f EET green=red of single molecules, which is plotted in SI Appendix, Fig. S8C . The ensemble average of this quantity determined from single molecules matches that found in the ensemble solution measurements reported above: a 50% chance of the exciton diffusing to either endcap. However, 8 f EET green=red also scatters broadly: some molecules show no preference for a particular endcap, but most molecules reveal a tendency for energy transfer to either the red or the green endcap. This scatter in EET pathways between single molecules may be expected on grounds of ergodicity from the fluctuations of 4;8 f green=red seen with time.
Photon-Correlation Spectroscopy. We interpret these observations on the ensemble and single-molecule level to imply that the asymmetrically endcapped oligomer structure can be viewed as a form of excitonic seesaw as sketched in Fig. 4A . In such a molecule, excitation energy is redistributed from the backbone to one of the two endcaps, but the endcap which receives the energy switches in time. The examination of photon intensities is limited by the photon count rates of the single molecules, which, at a few kilohertz, are very low. Higher time resolution of the seesaw phenomenon becomes possible by considering photon-correlation effects, quantified by the intensity fluctuation cross-correlation g ð2Þ cross ðτÞ = hI red ðtÞ · I green ðt + τÞi=ðhI red ðtÞi · hI green ðtÞiÞ − 1 between the two emission channels. Two distinct endcap-switching mechanisms are conceivable. On a trivial level, one of the endcaps, or the backbone, may undergo intersystem crossing to the triplet state. Such a metastable molecular excitation can absorb excitation energy from proximal chromophores, leading to fluorescence quenching through the mechanism of singlet-triplet annihilation (19) . This quenching is manifested in a photonbunching peak, a positive value in the correlation function: the entire fluorescence turns on and off (19, 31, 32) . The more interesting case is a switching between the two endcaps, an anticorrelation in endcap fluorescence, which leads to a negative value in the cross-correlation. Such a negative correlation is generally not observed in fluorescence correlation spectroscopy (33, 34) and constitutes a unique feature of the experimental approach here.
To ensure that switching of fluorescence between the two endcaps really does arise due to temporal variations in the energy-transfer pathways from the backbone to the endcaps, we have to exclude the possibility of changing through-space FRET efficiency between green and red endcaps. As described in SI Appendix, Fig. S7 , we use the technique of pulsed interleaved excitation (35) to do this, selectively exciting the backbone and green endcap with each laser pulse from two different laser sources. This approach is described in more detail in SI Appendix, along with an example intensity and cross-correlation trace of a single molecule in which it is clearly seen that FRET between the green and the red endcaps stays constant, whereas EET from the backbone to either endcap changes over time. We begin by discussing the fluorescence photon correlations of the three constituents of the seesaw molecule. In this case, since the emission is monochromatic, we use only one detector rather than a dichroic mirror. To reach an acceptable signal-to-noise level in the correlation, we calculate the median of the autocorrelations over a number of molecules, indicated by N in the figure legend. The octamer unit shows virtually no correlation signature, with a very small positive amplitude between 0.1 and 10 ms. Such a positive amplitude can arise from shelving of the excited state in the triplet level, a phenomenon which occurs for many dye molecules (36) and conjugated polymers (37) . This shelving explains the comparatively low level of fluorescence intensity found for all molecules studied, and can be suppressed to a certain extent by carrying out all measurements under ambient conditions, where molecular oxygen strongly quenches triplet excited states. In contrast to the backbone, even under air the green bodipy molecule shows a strong positive correlation signal--photon bunching--on timescales below 0.1 ms. As discussed in Materials and Methods, this correlation is readily described by a single-exponential fit, and we therefore attribute it to the triplet excited state of the green bodipy dye. In contrast, no correlation is seen for the red bodipy unit, which may be a consequence of more efficient triplet quenching by the ambient oxygen in the red than in the green dye. Crucially, none of the three constituents shows a negative correlation signal. The fact that the green bodipy unit can enter a metastable dark state, presumably a triplet, implies that under certain conditions, the green dye may be able to influence the red-dye fluorescence. Trivially, when the green dye is nonemissive, it cannot transfer excitation energy through-space to the red dye. In addition, direct interactions between the two endcaps can arise, for example, by singlet-triplet annihilation, the absorption and nonradiative dissipation of the excitation energy of the singlet-excited molecule by an adjacent triplet state (19) . A direct control of this effect is offered by the spacing between green and red dye molecules, which is controlled by the length of the oligomer unit linking the two. We therefore compare tetramers and octamers of the phenylenebutadiynylene unit.
The two lowest panels of Fig. 4B show cross-correlations of the green-and red-emission channels measured by inserting a dichroic mirror in the autocorrelation setup. For the octamer, a negative correlation amplitude is observed for all times, implying anticorrelation between green and red emission on timescales down to microseconds. The fluorescence of the molecule apparently switches nondeterministically between red and green. In contrast, for the tetramer backbone, a strong photon-correlation signal is observed for times below 0.2 ms, above which the endcap anticorrelation emerges as a negative signal. Since the correlation signal occurs on timescales comparable to those seen for the green endcap on its own, we attribute this effect to a quenching or shelving interaction of the red-endcap emission by the green unit entering the triplet. Direct singlet-triplet annihilation between the two endcaps is only possible when they are sufficiently close, and appears to be suppressed in the octamer. On the other hand, the results also imply that once this interaction is suppressed by increasing the spacing between the two endcaps, there is no effect on the photon correlation of the green endcap entering the triplet state. We conclude that one of the endcaps spontaneously entering the triplet state does not in any way influence the energy transfer from the backbone to the other endcap: besides the effect of singlet-triplet annihilation and the suppression of green to red FRET by triplet shelving, the two endcaps are entirely uncorrelated. In other words, what happens at one end of the "seesaw" does not impact the other end.
Control of Energy-Transfer Pathway by Excitation Light Polarization.
With the fluorescence appearing to switch randomly between endcaps, the question arises whether there is a way to induce a preference for a particular emission color. The simplest approach is to preferentially excite the region of the backbone in the proximity of one of the endcaps. This can be achieved by using linearly polarized excitation light provided that the backbone is bent. Fig. 5A shows two examples of spectrally resolved PL intensity traces under excitation with a linearly polarized laser whose plane of polarization is rotated at a frequency of 40 Hz. In the first example, red-and green-emission intensities vary in phase, implying that the backbone is straight and only absorbs one particular plane of polarization of the incident laser. The inset shows the time average of the overall PL intensity (black) along with the two emission colors as a function of angle θ of the laser polarization. The intensity varies as cosine squared with angle and allows us to define an effective intensity modulation depth M = (I max − I min )/(I max + I min ) as a metric of the overall A B Fig. 4 . The excitonic seesaw effect in the single-photon correlation of 1 8 and its constituents. (A) Energy transfer can occur either from the backbone to one of the endcaps or through conventional FRET from the green to the red bodipy. (B) Fluorescence photon correlation of the three constituents of 1 8 (using only one channel to measure the autocorrelation), and of 1 8 and 1 4 (using a dichroic mirror to separate red and green endcap fluorescence to measure the cross-correlation). All measurements were performed in air to maximize the molecular brightness. The number of molecules measured for each correlation is indicated by N. A positive correlation due to the triplet shelving effect is only seen for 1 4 , where substantial through-space FRET between the endcaps occurs. The absence of such a positive correlation for 1 8 implies that the shelving of one endcap in a dark state does not impact the energy transfer from the backbone to the endcap. curvature of the absorbing oligomer backbone. In the above example, the PL intensity drops to zero for certain θ values so that M approaches unity: the backbone is almost perfectly straight. In the second example in Fig. 5A , the red and green PL intensities appear shifted in time with respect to each other. This observation implies that, depending on laser polarization, either red-or green-endcap emission dominates the PL. The laser polarization therefore allows us to switch between the two endcaps.
Given the limited extension of the octamer, one may expect the molecule to behave as a single chromophore and to only support one single photoexcitation with one associated transition dipole moment. However, model systems of the oligomer backbone in the shape of polygons have revealed the possibility of quite substantial bending of the π-electron system (38) . Fig. 5B plots the correlation between phase difference Δθ between red and green PL intensity minima and modulation depth M for 1 4 and 1 8 . For large values of M > 0.5, corresponding to effectively straight segments, the ratio between red and green PL intensity does not change with excitation polarization angle. However, the lower the modulation depth, the larger the effective difference in red and green polarization angles, approaching 90°for effectively unpolarized absorption. This correlation is particularly evident in the averaged values of Δθ (orange points), and is more pronounced for the octamer than for the tetramer, which is expected to be less susceptible to bending.
The inset in the scatter plot for 1 8 illustrates an example, where the emission color is switched deterministically by changing laser polarization. Such sensitivity of the emission color on laser polarization implies that the oligomer backbone effectively separates into different distinct chromophore regions, a chromophore close to the red endcap and one closer to the green one. Evidence for this separation comes from a comparison of fluorescence photon statistics for different degrees of bending. We consider the photon coincidence rate on the two-colorselective detectors using the dichroic mirror as sketched in Fig.  5C . The experiment is analogous to the monochromatic photon antibunching using the beam splitter discussed in Fig. 3 , except that here, the different detection efficiencies and emission intensities of the two endcaps have no impact on the correlation since they are implicitly accounted for (see discussion in Materials and Methods). The octamer generally shows weaker antibunching than the tetramer. However, for both oligomer lengths, as the average Δθ increases, the contrast of the antibunching dip decreases, almost halving for the tetramer: bending induces excited-state localization (39) (40) (41) (42) , raising the number of effective chromophores on the oligomer chain. 
Discussion
Breaking the symmetry of a single-molecule emitter provides unprecedented access to excited-state localization phenomena, which arise because of the strong coupling of electronic orbitals to nuclear degrees of freedom. Such localization is a consequence of ultrafast nonadiabatic transitions between molecular potentialenergy surfaces and plays a crucial role in processes as diverse as photodegradation of materials (43), photoisomerization (44) , and chemical photosynthesis (45) . The effect of breaking molecular symmetry on light harvesting also demonstrates why nature favors complexes of high symmetry in photosynthesis, where energy transfer occurs deterministically (1-4) . A linear aggregate of chromophores, for example, would, to a first approximation, result in nondeterministic energy transfer and limit the overall coupling efficiency to a reaction center. However, as we illustrate in this work, a broad range of behavior is possible so that exciton localization is not always perfectly nondeterministic. The pronounced anticorrelation in red and green fluorescence photons on timescales of hundreds of microseconds illustrates that a form of "excitation memory" exists in the seesaw molecule. This observation is quite different from the results of photon polarization correlation spectroscopy on shape-persistent macrocycles (5) . In these large ring-like structures, exciton localization occurs anywhere along the perimeter so that a complete memory loss arises between subsequent photoexcitation events. A further interesting aspect relates to the nature and impact of curvature of the π-system and how bending affects the polarization modulation depth. Since we photoexcite in the vibronic progression of the absorption, excited-state mixing due to the bending may lead to an additional depolarization effect in the vibronic transition due to the Herzberg-Teller effect. Such mixing has recently been considered in detail for the case of bent chromophores (41) . In other words, the measured M values may actually overstate the degree of bending. Since we have a second observable to probe the bending, the difference in excitation polarization phase angle for emission from either endcap, the dimer should provide an interesting system to further probe nonFranck-Condon optical transitions in extended π-systems (8, 41) . In addition, it should be possible to directly measure the ratio of absorption intensities between electronic and vibronic transitions using light-harvesting action spectroscopy (46), a form of energytransfer-based PL excitation spectroscopy. This ratio would provide a complementary parameter to relate to M and Δθ since it is directly impacted by the chain curvature (41) .
Finally, it is interesting to speculate on whether the conformation of the oligomer can be modified, possibly even in situ, to change the degree of chain bending. Such manipulation is, in principle, conceivable with solvent vapor annealing techniques, which return the chain, trapped in the embedding polymer matrix in a nonequilibrium conformation, to an extended equilibrium arrangement (47) . Improved intramolecular straightening of the π-system can be achieved by growing weakly coupled aggregates of multiple single chains (48) . However, it is not immediately apparent how to use this approach to increase chain bending.
The labile intramolecular EET pathways demonstrated here will amplify the ability of single molecules to probe local environmental dynamics (49) and should offer a route to enhancing the influence of external stimuli on molecular excitonic relaxation, for example through electric or magnetic fields (50, 51) . In effect, one could conceive the design of excitonic gates (52, 53) to mimic the operation of the ratchet function in molecular motors (54) . Such "excitonic motors" may ultimately be designed to probe and exploit stochastic resonance phenomena and find utility as amplifying elements in excitonic circuits. In closing, we note that the presence of two competing energy-transfer pathways within a molecule should lead to coherent quantum interference effects manifested either in time-domain spectroscopy or in the yields of relaxation pathways (55) . Such asymmetric seesaw molecules should therefore offer a unique materials basis to explore the interplay of electronic quantum coherence and vibrational modes (56) .
Materials and Methods
Material and Equipment for Synthesis. All reagents were purchased at reagent grade from commercial sources and used without further purification. All airsensitive reactions were carried out using standard Schlenk techniques under argon. Reaction solvents (THF, piperidine, dichloromethane) were dried, distilled, and stored under argon according to standard methods; workup solvents were either used in "pro analysi" quality or purified by distillation. All solids and oils were dried overnight at room temperature under vacuum before characterization and further processing. Bruker DPX 300, DPX 400, and DRX 500 NMR spectrometers were used to acquire 1 H and 13 C NMR spectra (300, 400, and 500 MHz for 1 H and 75.5, 100.6, and 125.8 MHz for 13 C). Chemical shifts are given in parts per million (ppm) referenced to residual 1 H or 13 C signals in deuterated solvents. Mass spectra were recorded on a Finnigan ThermoQuest MAT 95 XL, AEI MS-5, and a Bruker Daltronics autoflex TOF/TOF (MALDI-MS; matrix material: dCTB, dithranol, no salts added). (m/z) peaks smaller than 10% (compared with the basis peak) are not reported. TLC was conducted on silica-gel-coated aluminum plates (Alugramm SIL G/UV254, 0.25-mm coating with fluorescence indicator; Macherey-Nagel). Silica gel 60 (0.04-0.063 mm; Merck) was used as the stationary phase for column chromatography. Microwave-assisted reactions were performed in a CEM Discover Labmate instrument.
GPC was performed in THF (HPLC grade, stabilized with 2.5-ppm butylated hydroxytoluene) at ambient temperature. GPC analyses were run on an Agilent Technologies system at a flow rate of 1 mL/min using IsoPump G1310 A, a diode array UV detector (G1314B), and PSS columns (10 2 , 10 3 , and 10 5 Å, 5 μ,
8 × 300 mm; Polymer Standards Service). For the preparative oligomer separation, a Shimadzu recycling GPC system, equipped with an LC-20 AD pump, an SPD-20 A UV detector, and a set of three preparative columns from PSS (10 3 Å, 5 μ, 20 × 300 mm) was employed. The system operated at a flow rate of 5 mL/min unless otherwise indicated; all molecular weights were determined versus PS calibration (standards from PSS). Details of the synthesis of the bodipy dyes and the endcapped oliogmers are given in SI Appendix.
Ensemble Absorption/Emission Spectra. Ensemble absorption and PL spectra of the asymmetric bodipy endcapped oligomers (1 4 and 1 8 ) as well as the individual components (red bodipy, green bodipy, oligomer 8mer) were recorded by diluting the molecules in toluene solution. The analyte/toluene solution was filled into 10-mm quartz cuvettes manufactured by Hellma Analytics. For ensemble absorption spectra a Perkin-Elmer spectrometer (Lambda 650) was used. The optical density of analyte/toluene solutions did not exceed 0.1. The PL emission spectra were measured with a Horiba JobinYvon Fluoromax 4 fluorescence spectrometer. The absorption and emission spectra of 1 8 and of the individual constituents are shown in Fig. 2 . The spectra for 1 4 are presented in SI Appendix, Fig. S4A . The oligomer absorption in 1 4 is not as dominant as in 1 8 , presumably because of the smaller absorption cross-section of the oligomer. In the PL spectrum, emission of the oligomer is not observed in 1 4 , which indicates that the energy transfer to the bodipy endcaps is faster than in 1 8 . The overall emission is dominated by the red bodipy.
In SI Appendix, Fig. S4B the PL spectra of 1 4 (Left) and 1 8 (Right) are shown after excitation of the green bodipy (488 nm). Emission from the red bodipy is also present in this case, and can be explained by the occurrence of FRET between the two dyes. Under these conditions, the red bodipy emission is weaker in 1 8 than in 1 4 because of the increased distance between the green and red dye.
Sample Preparation for Single-Molecule Spectroscopy. The molecules under investigation were diluted in a 1 wt/wt % PMMA/toluene solution to singlemolecule concentration (∼ 10 −12 M). Subsequently, the analyte/PMMA/ toluene solution was spin coated at 2,000 rounds per minute for 2 min onto a borosilicate glass coverslip with a spin coater from Laurell Technologies (model WS-400BZ-6NPP/LITE). The PMMA film formed has a typical thickness of ∼50 nm. Before use, the borosilicate slips were cleaned as follows. First, they were sonicated (Elmasonic P; Elma) in a 2% Hellmanex III (Hellma Analytics) bath. Second, the substrates were cleaned with MilliQ water to wash off the Hellmanex III. Third, the glass slips were dried and placed in a UV-ozone cleaner (PSD Pro Series UV; Novascan) to bleach any potential contaminant fluorescent molecules (100°C for 30 min). confined to a diffraction-limited spot to find the analyte molecules embedded in the PMMA host matrix. Subsequently, appropriate spots with homogeneous fluorescence intensity were selected and placed inside the laser focus to record the PL of the analyte molecules. The PL from the single molecules was focused with a tube lens onto a 50-μm pinhole to reduce background luminescence. After the PL was filtered by a long-pass filter (405LP; AHF analysetechnik AG), it was split with a 606-nm dichroic mirror (HC BS 605; AHF analysetechnik AG). The signal below 606 nm, which originates from the emission of the oligomer or the green bodipy dye, was detected with a single-photon avalanche diode (PDM series; Micro Photon Devices S.r.l.) and recorded by a time-correlated single-photon-counting module (HydraHarp 400; PicoQuant GmbH). The emission of the red bodipy dye (above 606 nm) was detected in the same way with a second diode.
Only molecules which showed signals on both detection channels were used for analysis to ensure that both bodipy dyes were photoactive during the measurement. Furthermore, only molecules with very good energytransfer characteristics from the oligomer to the two bodipy dyes were evaluated. The PL lifetimes of the oligomer and the green bodipy dye are very different (SI Appendix, Fig. S5 ), so that it is straightforward to distinguish between oligomer and green bodipy dye emission. The fluorescence correlation corresponds to switching of the molecular fluorescence intensity between discrete levels, referred to as "on" levels and "off" levels, with characteristic times over which the molecule resides in each state. With the background-corrected amplitude
where S denotes the average signal amplitude and B the average background of the transients, the off and on times of the intermittent fluorescence, . The on times of the dynamic fluorescence intensity remain of the same order of magnitude irrespective of atmosphere, whereas the off times increase by almost two orders of magnitude when going from air to nitrogen. These results imply the presence of a triplet state in the green bodipy dye, which is apparently quenched by molecular oxygen under air atmosphere.
Polarized Excitation Fluorescence Microscopy. The excitation laser was passed through a Glan-Thompson polarizer to acquire linearly polarized light to measure the excitation polarization modulation depth M in absorption. Subsequently, the polarization of the excitation light was rotated by an electrooptical modulator (3079-4PW; FastPulse Technology Inc.) and an additional λ/4 wave plate. The polarization of the excitation light was rotated by 180°at periods of 25 ms and the fluorescence intensity of individual molecules was recorded as a function of the polarization angle (Fig. 5) . The data were analyzed numerically by summing over all rotation periods and fitting the resulting modulation. We note that since the measurements were performed in the confocal mode of the microscope with a large N.A. of 1.35, molecules which are actually straight will give rise to a small modulation depth if they are oriented orthogonal to the sample plane. Since we are primarily interested in the differences of polarization excitation angles rather than the absolute values of the modulation depth, we give this issue little consideration. In addition, we note that the scatter plot of modulation depth values in Fig. 5 clearly shows greater modulation depths of 1 4 compared with 1 8 , which we interpret to imply a higher level of rigidity. In contrast, one would expect the shorter molecule to be more likely to align with the optical axis of the microscope objective and therefore yield lower absolute values of modulation depths. This effect does not appear to be relevant in these experiments.
Photon Antibunching Measurements. The statistics of photons were measured by splitting the fluorescence into two detection channels to assess the number of simultaneously emitted photons in the asymmetrically endcapped oligomers. By splitting the PL with a beam splitter, the number of correlation events N in dependence on the difference in photon arrival time Δt between the two detectors can be measured (see Figs. 3B and 5C for a sketch of the setup). The ratio of the central peak at Δt = 0 to that of the lateral peaks (Δt ≠ 0), N c =N l , provides a measure for the degree of photon antibunching (26) . Here, N c is proportional to the probability f c of detecting two photons after one laser pulse and N l is proportional to the probability f l of detecting two photons for different (Δt ≠ 0) laser pulses.
In the case of the asymmetrically endcapped oligomers two possible emitters (green and red bodipy dyes) are present. The probability that a photon is emitted by the green bodipy dye is p green . Moreover, ðF 1 Þ green and ðF 2 Þ green are the detection efficiencies of detector one and two. The products ðF 1 Þ green · p green and ðF 2 Þ green · p green are the probabilities that a photon from the green dye is detected at detector 1 and 2, respectively. The same definitions are used for the red dye. In the case that only one bodipy dye (the red or the green dye) emits a photon after excitation of the backbone, f c and hence N c will be zero. As a consequence, the ratio N c =N l is also zero. In the other extreme case, where both bodipy dyes (red and green dye) emit a photon simultaneously after excitation of the backbone, f c = ðF 1 Þ green · p green · ðF 2 Þ red · p red + ðF 2 Þ green · p green · ðF 1 Þ red · p red and f l = ðF 1 Þ green · p green · ðF 2 Þ red · p red + ðF 2 Þ green · p green · ðF 1 Þ red · p red + ðF 1 Þ green · p green · ðF 2 Þ green · p green + ðF 1 Þ red · p red · ðF 2 Þ red · p red .
With the assumptions that both dyes emit with the same probability (p green = p red ) and that the detectors are perfect [i.e., ðF 1or2 Þ green = ðF 1or2 Þ red ], one can calculate the ratio N c =N l . If the fluorescence is split in two with a 50/50 beam splitter [ðF 1 Þ green = ðF 2 Þ green , ðF 1 Þ red = ðF 2 Þ red ] the ratio is N c =N l = 0.5. For a dichroic beam splitter [ðF 1 Þ green = 0, ðF 2 Þ red = 0] the ratio changes to N c =N l = 1.
This discussion thus far only considered ideal measurement conditions. However, in actual measurements with a 50/50 beam splitter the following influences have an impact on N c =N l for two independent emitters. First, the influence of background photons has to be considered. Second, both dyes might not have the same emission probability due to differing energytransfer rates from the backbone to the endcaps as in the examples in Fig.  3A . Third, the detection efficiency of photons in the green and red wavelength region may differ. Background photons push the ratio N c =N l closer to unity whereas the other two effects drive N c =N l closer to zero, making a quantitative interpretation of the measured ratio N c =N l difficult.
By replacing the 50/50 beam splitter with a dichroic mirror and assuming that ðF 1 Þ green ≈ 0, ðF 2 Þ red ≈ 0, most of these poorly defined influences are canceled out and the ratio N c =N l is then mainly dependent on the product of the probabilities p green · p red . For two independent emitters this product must remain the same for different delays, Δt, between both detection channels. However, if the two emitters are not independent, p green · p red differs for Δt and Δt ≠ 0. As a consequence, N c =N l is suppressed in the seesaw molecule where the dependency between the two endcaps arises because of nondeterministic energy transfer from the oligomer to either of the endcaps. With respect to the results in Fig. 5C , we conclude that the two endcap emitters become more independent in molecules with more strongly bent backbones, since N c =N l increases with increasing phase difference Δθ of the excitation polarization angle for minimal red and green emission, which in turn increases with decreasing excitation polarization modulation depth, M.
